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ABSTRACT

Arrays of 10 to 120 nm diamecter single crystalline bismuth nanowires have been formed
inside amorphous alumina templates. Since bismuth has a small effective mass compared
to other materials, significant quantum mechanical confinement is expected to occur in
wires with diameter less than 50nm. The subbands formed by quantum confinement cause
interesting modifications to the dielectric function of bismuth. This study measures the
dielectric function of bismuth nanowires in an encrgy range where the effects of quantum
confinement are predicted (0.05 to 0.5 eV). Using Fourier transform infrared reflectometry,
the dielectric constant as a function of energy is obtained for the alumina/bismuth composite
system. Effective medium theory is used to subtract the effect of the alumina template from
the measurement of the composite material, thus yielding the dielectric function of bismuth
nanowires. A strong absorption peak is observed at ~1000cm™! in the frequency dependent
dielectric function in the photon energy range measured. The dependence of the frequency
and intensity of this oscillator on incident light polarization and wire diameter are reviewed.
In addition, the dependence of the optical absorption on antimony and tellurium doping of
the nanowires are reported.

Introduction

Scientists and engineers use the effects of low dimensions as another means of tailoring a
material to a desired application [1, 2, 3, 4]. In order for the design of a material to be
optimized, the key parameters of the low dimensionality necd to be measured and compared
to theoretical calculations. This paper expands on previous work of looking at quantum
confinement in bismuth nanowires by optical reflection.

Bismuth is an ideal material for quantum confinement studies. First of all, when a ma-
terial’s size approaches the de Broglie wavelength of its free carriers, the carriers become
quantum confined. The electron and hole energy bands then split into subbands character-
istic of a low dimensional material. For a given sample size, the energy separation of these
subbands increase as the carriers’ effective mass decreases. Since bismuth has small electron
and hole effective mass tensors at the L-point (the mass components m* vary from 0.001 m,
to 0.26 my depending on the crystalline direction), the separation between subbands is sig-
nificant even at sample dimensions as large as ~40 nm. Bismuth also has a large mean free
path, ~ 250nm at 300 K[5], which in addition to the small effective mass is required for
quantum confinement. As a result of the small effective mass and the large carrier mean free
path, bismuth exhibits quantum confinement at manufacturable dimensions. Furthermore,
bismuth has a low melting point (~271°C), which enables the fabrication of nanowires using
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Figurc 1: The wire diameter dependence of the dielectric function (e; + zep) of bismuth nanowires
vs. wavenumber (1/Aem™!) obtained from analysis of reflectivity measurements as reported in
reference [7]. Results for samples 1-4 are shown.

a pressure injection technique. Lastly, bismuth nanowires are especially interesting becanse
they exhibit a transition from a semi-metal with a small band overlap (38 meV at 0K) to
a narrow gap semiconductor as the wire diameter decreases and the quantum confinement
energy increases [6]. This transition occurs in Bi nanowires at relatively large wire diameters
because of its small band overlap and small effective mass tensor. For example. theoretical
salenlations predict this transition at a wire diameter of 48 nm for wires in the growth di-
rection of our nanowires (< 202 >). The transistion from a semimetal to a semiconductor
has significant. effects on the electronic, thermoelectric, and optical properties of bismuth,
particulary at low temperatures.

In a material that is quantum confined in two dimensions (quantum wires). the electronic
joint density of states has a singularity at each energy corresponding to an intersubband tran-
sition. If the transition is allowed, incident light at this energy may be strongly absorbed.
In a previous study, a strong narrow absorption peak is observed at ~1000 cmm~! in bismuth
nanowires [7]. In this previous study, the absorption encrgy is shown to inerease as the wire
diameter is decreased [7]. These results are reshown in Fig. 1. Since the energy separation
of the electronic bands increases with decreasing wire diameter, the observed trend is qual-
itatively consistent with theory for intersubband transitions. In addition, the polarization
dependence of the reflection is presented in this previous study and is also shown in Fig. 2.
The features in the reflection at ~1000cm ' disappear as the electric field is polarized along
the direction of the wires. This paper further studies the strong absorption at ~1000cm™!
in bismuth nanowires by investigating the effect of antimony and tellurium doping.

Experimental Details

The bismuth nanowires in this study are fabricated by filling porous alumina with molten
bismuth under a high pressure atmosphere [8, 9]. Since the alumina is a wide-bandgap
semiconductor, the wires are isolated from cach other and the free carriers are confined inside
the wire. Porous anodic aluminum oxide templates are fabricated by anodizing aluminum
sheets in an oxalic acid solution {8]. During this process, cylindrical pores 7-200nm in
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Figure 2: The polarization dependence of the reflection spectra of bismuth nanowires as a function
of wavenumber (1/) cm™!) as reported in reference [7]. Results for sample 1 is shown.

Table 1: Sample processing conditions

sample voltage temperature wire diameter purity of Bi used dopant  %in

(volts) (K) (nm) to fill template(%) type  melt
1 60 273 65-80 99.99 none 0
2 60 275 ~70 99.999 none 0
3 40 290 55 99.999 none 0
4 35 273 35 99.999 none 0
5 45 273 55 99.9999 Sh 15
6 45 273 55 99.9999 Te 0.0189
7 45 273 55 99.9999 Te 0.044
8 45 273 55 99.9999 Te 0.090
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diameter arce self-assembled into a hexagonal array, as previously reported [8, 9]. The process
conditions used in this study are listed in Table 1.

The optical reflection R(w) and transmission T(w) are measured as a function of fre-
quency at room temperature using a Nicolet Magna-IR 860 spectrometer and the Nie-Plan
IR Microscope. Reflection data are taken in the infrared region from 650 < 1/X < 4000 cm™!
at 293 K using a gold film as a comparison standard. The wavenumber resotution is 4em=!.
Kramers Kronig relations are nsed to obtain the frequency dependence of the dielectrice fune-
tion of the composite material. Then from the dielectric function of the composite material
and using effective medium theory, the dielectric function of the bismuth nanowires is ob-
tained. Effective medium theory is required to separate the bismuth nanowire and alumina
host contributions of the total dielectric function since in the frequency range of our exper-
iments, the wavelength of light is more than 50 times greater than the wire diameter and
the optical properties of the template and bisinuth nanowires are measured simultancously
[10, 11, 12, 13].

Antimony Doping Dependence

Alloying crystalline bismuth with antimony adjusts the L-point bandgap. As the antimony
concentration is increased from 0% to 4%, the bandgap decreases from 10mel” to OmeV. As
the doping is increased further, the band gap continuously increases until pure antimony is
reached and the bandgap is 200meV [14, 15]. A bismuth - antimony alloy wire was formed
by introducing antimony into the melt and then using the same high pressure injection
technique as for the pure bismuth wires to inject the alloyved metal into the alumina. The melt
contained 15% antimony and 85% bismuth. Since the antimony concentration in the melt
is not necessarily the same concentration as inside the nanowires, and furthermore since the
nanowires may not have uniform doping along the wire axis, the ratio of antimony to bismuth
must be measured after nanowire formation. Electron Dispersive Spectroscopy (EDS) was
used to try to measure the concentration of autimony in the as grown sample. However,
no antimony was detected. Therefore the concentration and distribution of antimony in the
sample is currently unknown.

Although the exact antimony - bismuth ratio inside the nanowires is not known, the
absorption peak behaves as expected with the addition of antimony. Fig.3 shows that the
nanowires formed from the 15% antimony melt have an absorption peak with higher energy
than either the 35nm or 55nm undoped bismuth wires. If the sample were pure bismuth,
the absorption would be expected to occur close to the 55nm undoped peak and below the
35nm undoped peak.

Tellurium Doping Dependence

Tellurium impurities are incorporated into our nanowires during the melt process. Con-
centrations of 0.090, 0.044, 0.018, and 0 weight percent are used. Again EDS is unable to
measure impurity concentrations in the final sample. The samples are therefore referred to
as heavily doped, lightly doped, very lightly doped, and undoped respectively.

Tellurium impuritics in crystalline bismuth act as electron donors, and increase the Fermi
energy to account for the increase in clectron concentration. Tellurium dopants may also
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Figure 3: The effect of antimony doping on the absorption peak observed in the dielectric function
(€1 + de) of bismuth nanowires vs. wavenumber (1/X cm™!) obtained from analysis of reflectivity
measurements. Without doping, the 55nm wires are expected to have an absorption peak close
to the 55nm undoped wires and below the 35nm undoped wires. However, the doped sample has
a peak above both the undoped 35nm and undoped 55nm, demonstrating an increase in bandgap
with addition of antimony. Results for samples 3,4, and 5 are shown.

Absorption Dependence on Tellurium Doping
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Figure 4: The effect of tellurium doping on the absorption peak observed in the dielectric function
(€1 + ies) of bismuth nanowires vs. wavenumber (1/A cm™!) obtained from analysis of reflectivity
measurements. Results for samples 3, 6, 7, and 8 are shown.
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decrease 7 the average time between scattering events, hence decreasing the coherence length,
and thereby decreasing the quantum effects. Only considering the increase in Fermi energy,
we expect that at higher doping levels the lower conduction subbands will become more
occupied with electrons. When the conduction band is completely filled with electrons, an
optical transition from the valence band to the conduction band is forbidden by the Pauli
exclusion principal. Therefore, as the doping increases, the higher energy bands dominate
the optical spectra. Since bismuth has a strougly coupled valence and conduction band at
the L-point, the bands are highly non-parabolic. The intersubband transition is therefore
expected to decrease and then increase as the Fermi energy is increased (at 0K). This is
approximately what is observed in Fig.4. However since the doping is nnknown at this
time, it is premature to conclude as to the cause of the shift in absorption peak due to the
tellurium doping,.

Summary

This study reports the effect of tellurium and antimony doping on the absorption peak
observed in bismuth nanowires at ~1000em~'. The change in the absorption upon doping
with either antimony or tellurium confirm that this absorption is from the bismuth nanowires
and furthermore show that dopant is incorporated into the nanowires. When antimony is
incorporated into the nanowires, the energy of the peak absorption increases. This increase is
consistent with the increase in the bandgap of bhulk bismuth - antimony alloys with increasing
antimony doping. The peak energy changes non-monotonically with increasing doping of
tellurium. More work is necded to determine the cause of this non-monotonic increase.
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